The effect of warming on adrenergic neurotransmission was examined in canine cutaneous veins. Isometric tension was recorded from rings of saphenous veins of the dog in organ chambers filled with physiological salt solution. During contractions caused by potassium or prostaglandin F 2 ,,, warming from 37 to 41°C caused an augmentation. During contractions caused by stimulation of the adrenergic nerves, and by exogenous norepinephrine, warming caused a relaxation. The relaxation with wanning was not altered by the /3-adrenergic antagonist, propranolol, or by inhibitors of extraneuronal and neuronal uptake of norepinephrine. During contractions evoked by the « 2 -adrenergic agonists, a-methyl norepinephrine and B-HT 920, warming caused a relaxation, whereas during contractions due to the ai -adrenergic agonists, cirazoline, methoxamine, ST 587, and phenylephrine, it caused an augmentation. The relaxation caused by warming during norepinephrine-induced contractions was prevented by the preferential « 2 -antagonists yohimbine and rauwolscine, but not by the preferential ct\-antagonist, prazosin. In strips of saphenous vein incubated with [ 3 H]norepinephrine, warming did not affect the release of labeled transmitter evoked by nerve stimulation. These experiments indicate that warming directly enhances contractility of vascular smooth muscle, while depressing the responsiveness of cutaneous vessels to sympathetic nerve activation by a selective inhibitory effect on postjunctional o 2 -adrenoceptors. Relaxation with warming is greater during nerve stimulation than during administration of exogenous norepinephrine, which may be due to a predominance of postjunctional « 2 -adrenoceptors in the neuromuscular junction. {Circ Res 54: [547][548][549][550][551][552][553] 1984) LOCAL warming of human skin causes hyperemia, due to relaxation of the resistance vessels and veins (Shepherd, 1963) . When skin vessels are dilated reflexly by general body warming, local warming causes a further increase in hand blood flow (Roddie and Shepherd, 1956) . Local warming also depresses centrally mediated reflex constriction in human cutaneous veins (Zitnik et al., 1971) . In isolated canine saphenous vein, as well as the perfused hindpaw, warming attenuates contractions to sympathetic nerve stimulation and exogenous norepinephrine (Vanhoutte and Shepherd, 1970; Vanhoutte and Lorenz, 1970; Abdel-Sayed et al., 1970) . The purpose of this study was to investigate the mecha-nism^) responsible for relaxation during warming of vascular smooth muscle.
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Methods

Organ Chamber Experiments
Lateral saphenous veins were removed from mongrel dogs anesthetized with sodium pentobarbital (30 mg/kg, iv). The vessels were cleaned of adherent connective tissue and cut into rings (5 mm long), without disturbing the luminal surface. The rings were suspended in organ chambers which were aerated with 95% C>2-5% CO 2 and which contained 25 ml of physiological salt solution of the following composition (mM): NaCl, 118.3; KC1, 4.7; CaCl 2 , 2.5; MgSO,, 1.2; KH 2 PO 4 , 1.2; NaHCO 3 , 25.0; edetate calcium disodium, 0.026; glucose, 11.1. In some experiments, the potassium concentration of the physiological salt solution was increased by equimolar replacement of NaCl with KC1. Each ring was suspended by two steel stirrups passed through the lumen, one anchored inside the organ chamber, the other connected by 4-0 silk suture (Ethicon) to a force transducer (Statham Universal UC2). Isometric force was continuously recorded (Hewlett-Packard 7418A). To stimulate adrenergic nerve endings ( Vanhoutte et al., 1967 Vanhoutte et al., , 1979 , the rings were placed between two parallel platinum plate electrodes. Electric impulses were square waves (9V, 2 msec, 0-16 Hz) provided by a DC amplifier triggered by a stimulator (Grass SD9). Prior to experimentation, the rings were placed at the optimal point of their length-tension relationship as determined by maximal response to transmural electrical field stimulation (16 Hz for 10 seconds). The temperature of the organ chamber fluid could be changed rapidly (4°C in 75 seconds) by circulating it through heat exchanges warmed to 37 or 41°C. Concentration-response curves at 37 and 41°C were obtained primarily by increasing the concentration of the drug studied by approximately 3-fold in a noncumulative manner. Frequency-response curves were also obtained in primarily a noncumulative manner. When a steady state response to a drug or to electrical stimulation was reached at 37°C, the temperature of the bath was changed to 41°C. When the effect of warming had stabilized (which occurred within 3 to 5 minutes), the temperature was returned to 37°C. Upon stabilization of the response, the drug was washed out or the electrical stimulation ceased. After reaching baseline tension, the vessel was allowed to equilibrate for 15 minutes before exposure to the next concentration of drug, or frequency of electrical stimulation. Values reported for tension at 37°C refer to the average of the plateau responses before and after warming. Values reported for tension at 41°C refer to the plateau response during warming. Control rings were studied in parallel with experimental rings to correct for time-dependent changes in agonist sensitivity. In a few experiments, frequency and dose-response curves were obtained in a cumulative manner, which was not found to alter the results significantly.
In some rings, the endothelium was mechanically removed (Furchgott and Zawadzki, 1980; De Mey and Vanhourte, 1981a) . The presence or absence of endothelium was confirmed by relaxation or absence of relaxation, respectively, on adding thrombin (2 U/ml) to rings contracted with norepinephrine (3 X 1CT 7 M) (De Mey et al., 1982; De Mey and Vanhoutte, 1983) .
Superfusion Experiments
Isolated saphenous veins were cut into helical strips (6 cm long, 4 mm wide) and incubated for 2 hours with L-7[ 3 H]norepinephrine (10~6 M) in physiological salt solution maintained at 37°C and aerated with 95% O 2 -5% CO 2 . The strips then were suspended between two platinum wire electrodes and connected to a force transducer under 3 g of tension (Vanhoutte and Lorenz, 1970) . The strips were superfused by means of a roller pump at 3 ml/ mm with aerated physiological salt solution and allowed to equilibrate for 2 hours. In certain experiments, the superfusate contained cocaine (3 X 10 M) to inhibit neuronal uptake (Verbeuren and Vanhoutte, 1982) . The temperature of the superfusate could be changed from 37 to 41°C in less than 60 seconds by a heat exchanger. During electrical stimulation (2 Hz, 2 msec, 4 V), the superfusate was collected at 2-minute intervals for counting of total radioactivity. Ten milliliters of Safety-Solve (Research Products International) was added to 1 ml of each sample of supernatant. Radioactivity was measured with a liquid scintillation spectrometer (Packard 3390); corrections for quenching were made by the external standard ratio method. During selected 6-minute periods, the superfusate was sampled and stored at -23°C for column chromatography to separate norepinephrine and its metabolites (Verbeuren et al., 1977) . To determine total tissue content of radioactivity, each strip was exposed to two 30-minute extractions in 2-ml aliquots of 1 N acetic acid containing sodium EDTA (0.03 ITIM) and ascorbic acid (5 ITIM) (Verbeuren et al., 1978) . Fractional release of [ 3 H] norepinephrine and metabolites was calculated as the ratio of counts/min released per 2-minute collection period to the total tissue counts/min.
Tissue Uptake of Norepinephrine
Strips of saphenous vein were divided into four equal segments. Two segments were incubated in separate test tubes containing physiological salt solution aerated with 95% O 2 -5% CO 2 at 37°C, and two were incubated at 41°C. One test tube at each temperature also contained cocaine (3 X 10~5 M). After 30 minutes, the tissues were transferred to solutions at the same temperature containing [ 3 H]norepinephrine (1 X 10~7 M) for 1 hour. The tissues were then rinsed repeatedly, blotted dry, and weighed. Finally, the total tissue content of radioactivity was determined (Verbeuren et al., 1978; Verbeuren and Vanhoutte, 1982) . The saphenous veins from four dogs were studied.
Drugs
The following agents were used: cocaine HC1 (generic); B-HT 920 and ST 587 (Boehringer Ingelheim); methoxamine HC1 (Burroughs-Wellcome Co.); sodium pentobarbital (Fort Dodge Laboratories, Inc.); cirazoline HC1 (L.E.R.S.-Synthelabo); prazosin HC1 (Pfizer, Inc.); DL-amethyl norepinephrine HC1 (Regis); rauwolscine (Roth Laboratories); acetylcholine chloride, dimethyl sulfoxide, hydrocortisone 21-hemisuccinate (sodium salt), L-norepinephrine bitartrate, L-phenylephrine HC1, prostaglandin F^, (Tris salt), DL-propranolol HC1, yohimbine HC1 (Sigma). Prazosin was dissolved in dimethyl sulfoxide; the final bath concentration of dimethyl sulfoxide was 1.4 X 10~6 M. Dimethyl sulfoxide in this concentration had no effect on control concentration-response curves to norepinephrine at 37° and 41°C. When cocaine, hydrocortisone, prazosin, propranolol, rauwolscine, or yohimbine was used, the drug was administered to the preparations 30 minutes before the experiment was begun.
Calculations and Statistical Analysis
Results are expressed as the mean ± SEM. Statistical evaluation of the data was by Student's f-test for paired observations (two-tailed). When P was smaller than 0.05, means were considered to be significantly different. In all experiments, n equals the number of dogs from which vessels were obtained.
Results
Organ Chamber Experiments
Warming from 37 to 41°C minimally increased baseline tension (from 1.8 ± 0.1 g to 1.9 ± 0.1 g; n = 5, P<0.05).
Contractions induced by increasing the concentration of potassium [in the presence of phentolamine (10~5 M) and propranolol (5 X 10~* M)] and by prostaglandin F 2n/ were significantly augmented by warming ( Fig. 1 and propranolol (5 x 10""* M)] and prostaglandin F 2n . Data shown as means ± SEM (n = 6), and expressed as percent of the maximum response to 16 Hz at 37°C (18.5 ± 29 g for KCl-treated veins, 23.5 ± 1.4 g for veins exposed to prostaglandin FjJ. • = the difference between 37 and 41°C is statistically significant (P < 0.05). exogenous norepinephrine were significantly depressed by warming, and remained stable until the temperature was returned to 37°C, at which time the tension increased to a value not significantly different from that prior to warming (Figs. 2, 3, and  4) . In paired rings from six dogs, equivalent contractions induced by electrical stimulation were depressed significantly more by warming than those induced by norepinephrine ( Fig. 4) . Rings from four dogs were incubated for 30 minutes in physiological salt solution containing cocaine (3 X 10~5 M) and hydrocortisone (3 X 1(T 5 M). In these rings, the frequency response curves to electrical stimulation at 37 and 41°C were shifted to the left of those in control rings. The reduction in tension nephrine (right) . Data shown as means ± SEM (n = 6), and expressed as percent of the maximum response to 16 Hz at 37°C (18.2 ± 2.8 g for vessels stimulated electrically and 19.8 ± 2.4 g for vessels exposed to norepinephrine). * = the difference between 37 and 41°C is statistically significant (P < 0.05).
with warming was not different from that seen during equivalent contractions in the absence of the inhibitors of uptake (data not shown). Rings from four dogs were either incubated with propranolol (5 X 10~6 M), or stripped of endothelium. In both cases, the contractions induced by electrical stimulation at 37 and 41°C were not different from those obtained in control preparations from the same veins (data not shown).
The contractions to the ct\ -adrenergic agonists, cirazoline, methoxamine, ST 587, and phenylephrine, were significantly augmented, but those to the a2-adrenergic agonists, a-methyl norepinephrine and B-HT 920, were significantly depressed by warming (Table 1 ; Fig. 5 ).
Paired rings from six dogs were contracted with either electrical stimulation or norepinephrine, alone or in the presence of prazosin (10~7 M) or yohimbine (10 M). Both antagonists partially inhibited the response to electrical stimulation and norepinephrine. In control solution and in the presence of prazosin, warming significantly reduced the response to electrical stimulation and norepinephrine. The relaxation with warming did not occur in vessels contracted by norepinephrine in the presence of yohimbine (Figs. 2 and 3; Table 2 ).
Paired rings from six dogs were contracted with electrical stimulation or norepinephrine, alone or in the presence of increasing concentrations of rauwolscine. Rauwolscine caused a concentration-dependent depression of the contractions to electrical stimulation and norepinephrine. In addition, rauwolscine caused a concentration-dependent inhibition of the relaxation with warming (Table 3) .
Superfusion Experiments
In helical strips from five dogs, electrical stimulation caused a significant increase in tension par- alleled by significant increases in the fractional release of rritiated compounds into the superfusate. Warming the superfusate from 37 to 41°C produced a significant decrease in tension and a significant increase in fractional release of rritiated compounds (Fig. 6) . Column chromatography demonstrated that this rise was due to a significant increase in metabolites of norepinephrine (Table 4 ). However, the overflow of intact [ 3 H]norepinephrine at 41°C was not different from control (Fig. 6) . In five additional strips, cocaine (3 X 1CT 5 M) was added to the superfusate. Under these conditions, there was an increase in norepinephrine and metabolites in the superfusate, but overflow of norepinephrine at 41 °C was not different from that at 37°C (Table 4) .
Tissue Accumulation of [ 3 H]Norepinephrine
The uptake of [ 3 H]norepinephrine in tissues at 41°C was not different from that of paired controls at 37°C (3887.3 ± 1262.3 dpm/mg and 4498 ± 1971.2 dpm/mg, respectively; n = 4). In the presence of cocaine (3 X IO" 5 M), the uptake of [ 3 H]norepi-nephrine was greatly reduced, but comparable at 37 and 41°C (205.6 ± 46.5 dpm/mg and 154.8 ± 40.3 dpm/mg, respectively).
Discussion
The present experiments confirm earlier observations that warming reduces the responsiveness of the canine cutaneous veins to sympathetic nerve stimulation and exogenous norepinephrine (Webb-Peploe and Shepherd, 1968; Abdel-Sayed et al., 1970; Vanhoutte and Shepherd, 1970; Vanhoutte and Lorenz, 1970) . They demonstrate that the relaxation induced by warming is greater during electrical stimulation of the adrenefgic nerve endings than during the addition of exogenous norepinephrine. A possible explanation for this difference is that warming causes a prejunctional inhibition of the release of adrenergic transmitter. However, this interpretation is unlikely, as warming does not depress the evoked release of [ 3 H]norepinephrine in preparations previously incubated with the labeled transmitter. Likewise, changes in disposition of the ad- * Data expressed as absolute tension in grams in response to electrical stimulation (ES) or norepinephrine (NE) and shown as means ± SEM (» = 6 for rings treated with prazosin 10" 7 M, n = 5 for rings treated with yohimbine 10" 7 M).
t Significantly different from value at 37°C (P < 0.05). * Significantly different from control value at the same temperature renergic transmitter do not account for the relaxation during warming, since tissue accumulation of [ 3 H] norepinephrine is unchanged at 41°C, and since inhibition of neuronal and extraneuronal uptake does not affect the relaxation. Hence, the differential effect that warming has on the responses to electrical stimulation and exogenous norepinephrine does not reflect preferential activation of either neuronal or extraneuronal uptake at 41°C. Furthermore, the relaxation upon warming cannot be attributed to an endothelium-mediated process (Furchgott et al., 1981; Vanhoutte and Rimele, 1983) , since removal of the endothelium did not affect the vasodilation. As wanning causes increases in tension in veins contracted by K + or prostaglandin F 2n , warming must facilitate, rather than depress, the contractile process of the venous smooth muscle cells. Hence, the relaxations observed at 41°C during nerve stimulation or exposure to exogenous norepinephrine may reflect events occurring at postjunctional sites. The fact that propranolol does not affect the response to warming excludes the possibility that the increase in temperature causes interconversion of ainto 0-adrenoceptors (e.g., Kunos and Nickerson, 1976) . Thus, it seems logical to conclude that the inhibitory effects of warming are due to decreased a-adrenoceptor responsiveness, particularly in the smooth muscle cells located in the immediate vicin- Table  4 )
FIGURE 6. Left: effect of warming on isometnc tension (upper), fractional release (middle) and overflow of intact [ 3 H]norepinephrine (lower) in canine saphenous veins previously incubated with the labeled transmitter. Tension during electrical stimulation is significantly less at 41 than at 37°C whereas release of tritium is increased, due to increased overflow of metabolites of norepinephrine (see
. The overflow of intact [ 3 H]norepinephrine is unchanged. Righttime control experiments in veins from the same dogs. Data shown as means ± SEM (II = 6). * =• the effect of warming is statistically significant (P < 0.05).
ity of the adrenergic nerve endings. Previous studies have shown that cooling augments adrenergic response in canine cutaneous veins, in part, by increasing the affinity of the postjunctional a-adrenoceptors (Vanhoutte and Shepherd, 1970; Janssens and Vanhoutte, 1978) . The postjunctional a-adrenoceptors of the canine saphenous vein belong to both the c*i-and a 2adrenoceptor subtypes (De Mey and Vanhoutte, 1981b; Constantine et al., 1982) . The present exper-iments suggest that the relaxation induced by warming is due to a preferential inhibition of a 2 -adrenoceptors. This conclusion is based on the following observations: (1) warming depresses the response to a-methyl norepinephrine and B-HT 920, preferential a 2 -adrenergic agonists, but augments that to cirazoline, methoxamine, ST 587, and phenylephrine, preferential ai-adrenergic agonists; and (2) the selective a2-adrenergic antagonists yohimbine and rauwolscine, but not the selective ai-adrenergic antagonist prazosin, abolish the relaxation induced by warming during contraction to exogenous norepinephrine. Thus, increases in temperature seem to affect preferentially the same subtype of postjunctional a-adrenocepter that is also likely to be affected by cooling (Janssens et al., 1981; Janssens and Verhaege, 1982; Lindblad et al., 1983) . The fact that rauwolscine inhibits, but does not abolish, the relaxation to warming during electrical stimulation can be explained by prejunctional a2-adrenergic blockade causing an augmented evoked release of norepinephrine. The larger effect of warming on the response to exocytotically released than to endogenously added norepinephrine, suggests that the postjunctional a-adrenoceptors located in the vicinity of the adrenergic nerve endings may belong mainly to the a 2 -adrenergic subtype.
